ABSTRACT: Propose is a series of analyses and tests to be carried out in historical studies for wall characterization. There are three types of tests: a) classic methods that are well referenced and widely used for other building materials (mortars, soils, aggregates, etc.); b) instrument techniques such as XRF, SEM-EDX, XRD, etc.; and c) adaptations of normalization methods mainly corresponding to UNE-EN standards for application of these materials. Five large groupings can be established based on wall properties: chemical and mineralogical composition, physical and hydric properties, mechanical properties, granulometry, and dating. A correct interpretation of the results obtained allows non-analytical researchers (e.g., historians, archaeologists, restorers, architects, and so on) to expand their knowledge of the material's culture or its history.
INTRODUCTION

Background
The research group "Materials and Construction", classed as TEP-198 by the Andalusian Plan for Research, Development, and Innovation (PAIDI, its acronym in Spanish) of the Junta de Andalucía, studies and characterizes traditional masonry materials. For the last 10 years, this group has developed a research line focusing on rammedearth walls. The group has wide-ranging experience deriving from participation in projects from the National Research and Development Plan (such as "Proposal for the maintenance, assessment, and conservation of historical rammed-earth construction in the province of Seville (ref. BIA2004-01092)" and over 15 research contracts for characterizing rammed-earth walls in archaeological excavations and heritage monuments (Martín et al., 2008) . This scientific experience has allowed the group to establish a method for characterizing rammedearth constructions in preliminary studies, which may serve as a reference for other researchers.
PROPOSED METHODOLOGY
Sampling
Sampling arises from the need to characterize the rammed-earth wall. That is, to determine its composition, its properties, and the processes and reactions that might be producing deterioration. Sampling cannot be arbitrary nor random for representative results, so a sampling plan must As a general rule, amounts can range from hundreds of grams to several kilograms. e. Collection site. The depth at which a sample is collected in a wall is extremely important. The deeper it is, the greater the probability that it is original, unsubstituted, and unrepaired. In addition, it will be less altered by environmental impacts. In contrast, when the sample is collected near the surface, it is more likely to have been partially substituted or repaired, in addition to being more weathered by atmospheric agents. It is common to find patinas, crusts, efflorescences and more on the surface. The collection site may also reveal different means of execution producing uneven binder distribution (e.g., lime-crust walls-calicastrado). f. Location of extraction site and sample identification. Once the samples have been collected, the precise location must be noted (photographs and drawings) and they must be identified by a suitable system allowing rapid, clear identification to prevent confusion. This prevents problems when comparing results amongst the distinct rammed-earth walls in the building.
The extraction system can be manual (with chisel and hammer) (Fig. 2) , semi-manual (pneumatic drill), or using a rock drill with diamond cups.
Chemical analysis
A study of the chemical composition requires an analysis of the major and minor elements (e.g., silica, aluminium, iron, titanium, calcium, magnesium, sodium, potassium, and sulfur) expressed as percent by weight and as oxides (SiO 2 , Al 2 O 3 , Fe 2 O 3 , TiO 2 , CaO, MgO, Na 2 O, K 2 O, P 2 O 5 , and SO 3 , respectively), as well as the determination of weight loss on calcination at 900ºC (WLC). These parameters can be complemented with the determination of trace elements (Cl, Pb, Zn, Cu, Ni, Co, Mn, Ba, Cd, Li, Sr …) .
The soluble salts in a rammed-earth wall (formed by Cl
, etc. ions) that can be involved in weathering may be analysed occasionally. However, this type of analysis is more commonly reserved for new materials to be used in restoration since, if present in high concentrations, they could be dangerous for the other building materials they are in contact with.
The analytical techniques that can be used to determine the chemical composition are quite varied, ranging from classic methods consisting of gravi-metry and volumetric analysis to those using instrument techniques more commonly applied at present such as X-ray fluorescence (XRF), X-ray microfluorescence (μ-FRX), plasma spectrometry (ICP), absorption spectrophotometry (atomic, ultraviolet, infrared), and more.
Carbonate determination (expressed as CaCO 3 ) through the Bernard calcimeter (UNE standard 103200-93) is valid for approximating the original lime content (Ca(OH) 2 ) in walls made with it since over time the lime carbonates and becomes calcium carbonate (CaCO 3 ). However, it must be recalled that both the earth and the aggregates used in its manufacture may naturally contain carbonate fractions. Therefore, the entire carbonate content is not always attributable to the addition of lime.
Determining the sulfate content (expressed as SO 3 ) according to the UNE-EN 1744-1:2010 standard has also been suggested. This evaluates the presence of gypsum in the wall, which may have been intentionally added as a conglomerate or be present as an impurity of the raw materials or as an alteration product of them. This parameter can also offer information on the presence of salts containing sulfates (SO 4 = ).
Mineralogical analysis
The aim of studying the mineral composition is to gather information on the distinct crystalline mineral phases in the wall. These phases derive from the raw materials, from the reactions produced between them, and from the transformations occurring when they enter into contact with other materials in the environment and that can produce new products from alteration of the existing ones.
X-ray powder diffraction (XRD) has been proposed for determining overall mineralogy. To identify the minerals in the clay fraction, the < 2 micra fraction must be separated, the orientated aggregate technique used, and subsequently it must be solvated with ethylenglycol (EG) and dimethyl sulfoxide (DMSO) and heating to 550ºC as routine treatments (Brown, 1961) .
The mineralogical analysis can be completed by studying the thin-sections by polarizing microscopy (PM) and image analysis, which allows the principal components of the rammed-earth wall (binder and aggregate) and the mineralogical constituents of the aggregate to be determined in relative terms.
Textural analysis
The study of the texture of the wall components is of interest to determine the distribution of aggregate grains, their shape and alteration, as well as the state of the aggregate-binder interface. The textural analysis of the binder reveals information about its crystallization, the presence of lime nodules, remnants of charcoal, ashes, and so on (Fig. 3) . It is also useful for observing the presence of pores and fissures and their geometry and distribution.
The binocular microscope is useful for this study, using magnification intervals of 20X to 60X. Scanning electron microscopy (SEM) and polarizing microscopy are also complementary techniques for the textural study.
Determination of physical properties
The physical properties included in a routine rammed-earth wall characterization are real density, apparent density, and water-accessible porosity, which all provide information on the material's structure.
The real density is the relation between the wall's mass and impermeable volume. It is an intrinsic property that depends on the real density of the minerals in the wall.
The apparent density is the relation existing between the mass and the total volume of the wall sample.
This material property depends in turn on various factors such as the real density of the minerals comprising it, the water-accessible porosity, the closed porosity, and so on. In short, it is strongly linked to the wall structure.
Finally, the water-accessible porosity is the ratio between the volume of water-accessible pores and the total volume. This property provides information on the wall's conservation status, the amount of water used in its manufacture, and the structure's compactness. It also exerts considerable influence on other physico-mechanical properties such as mechanical strength, hardness, permeability, and so on.
The techniques for determining these three properties are based on saturating the sample with water in a vacuum and the use of a pycnometer. The only thing necessary is a representative fragment of wall, whether even or uneven. There are two methodologies used for rocks that are extrapolable to rammed-earth walls: that of the RILEM TC 25-PEM (1980) commission and the UNE-EN 1936:2009standard.
Determination of the hydric properties
This section includes the main properties related to the presence and movement of water through the wall's porous system.
Water absorption by immersion or saturation coefficient is the volume of water present in the sample pores after immersion in water at atmospheric pressure for 48 hours compared to the total volume of accessible pores. This property compares the wall's natural capacity to absorb water and its total open porosity and it depends on the porous structure (pore size and distribution).
The capillary suction curve is obtained by measuring the amount of water uptake over time by a dried sample in contact with a water surface. This technique basically determines how fast water can penetrate the wall by absorption.
The drying curve is obtained by measuring a sample's loss of mass when subjected to drying under set conditions. The drying process is quite complicated, being dependent on the initial water content and its distribution as well as on the sample dimensions and permeability to water vapour.
The methods proposed by the RILEM TC 25-PEM (1980) commission for rocks may be extrapolated to walls to determine these three properties. These assays require representative wall samples with a regular shape.
Determination of mechanical strength
The most important mechanical property to be assayed in rammed-earth walls is compressive strength. Numerous factors influence compressive strength, from the distinct types and qualities of the components used to proportions of binder and batching water, means of execution, curing conditions, and so on. Not to forget the evident factor of aggressive agents over time.
Determination of the wall's compressive strength is as in the previous step, extracting a sample (using one of the systems in Section 2.1) and considering these aspects: a. Orientation. The test specimen must be extracted vertically, in the same direction as the wall compaction during its construction.
In addition, this coincides with the wall's main direction of load. b. Geometry. The shape will be irregular if extracted by hand or semi-automatically. In this case, it must be shaped in the laboratory to a regular shape (usually cubic) using diamond saw blades. If cylindrical cups are used, cylindrical cores of varying diameter are obtained, which then need their bases cut. c. Size. Taking as a reference the UNE-EN 12504-1:2009 standard for concrete, the ratio between the maximum aggregate size and the test specimen diameter/edge heavily influences the strength determination when the ratio is over 1:3. In order to suitably estimate the diameter or edge of the sample, we must first know the maximum aggregate size. d. Capping. Regardless of the type of core obtained, the ends are not usually flat enough, parallel enough, and perpendicular enough to the vertical axis. To resolve this problem, the use of capping of the core by one of the methods in Appendix A of the UNE-EN 12390-3:2009 standard is advisable, the most suitable in our experience being sulfur mortar or cement mortar (Fig. 4 ). e. Loading rate. Keeping in mind that walls are not usually characterized by high mechanical strength, it seems reasonable to use the rate established for mortars at 50 N/s to 500 N/s (UNE-EN 1015-11:2000standard).
Granulometry determination
As is known, granulometry consists in grouping aggregate grains or particles according to size in given ranges. To do so, a series of meshes of decreasing mesh spacing are used. The mesh series to be used is that of the UNE-EN 12620:2003 standard for concrete aggregates, comprising mesh spacings of 63 mm, 31.5 mm, 16 mm, 8 mm, 4 mm, The data from determining the granulometric curve is ample and of great interest in carrying out comparative studies between different walls as we can assess aggregate compactness, its size, the percentage of fine fraction under 0.063 mm in diameter, and so on.
When the wall's aggregate is in a conglomerate, it must be separated from the binder before performing the granulometry test. Traditionally, the sample is attacked with hydrochloric acid (HCl) to separate the two (Martín, 1990) . The main problem with this technique is the lack of accuracy when the wall contains carbonate aggregates since they are also attacked by the acid. The insoluble fraction remaining after the acid attack and subsequent washing to remove excess HCl primarily comprises siliceous aggregate (quartz) and silicate aggregate (feldspars, micas, clay minerals, etc.) as they are unaffected by the acid.
In the case of walls made without binder (lime), it should be taken into account that the mainly earthen composition will easily crumble in the water. It would be of interest to study the viability of a method involving manual fragmentation of the wall sample to a certain size and then crumbling with water, dispersants, and shaking.
Rammed-earth wall dating
Although some might have doubts about including dating techniques within wall characterization, it must be recalled that they provide data on a differentiating characteristic (age or period of manufacture) and therefore its inclusion is logical.
Analytical instrument techniques currently available for dating are based on different fundamentals and require the presence of different components in the rammed-earth wall. a. C14 dating based on the law of exponential decay or disintegration of the carbon-14 isotope. The amount present in various substances is determined to assess the age of the elements made with them. It is particularly useful for dating organic matter elements, which includes wooden tools, textiles, paper, bone remains, coal, and so on. Samples up to 50,000 years old may be thus dated. There are currently three different techniques to measure the amount of the radioisotope carbon-14 in a sample: gas proportional counting, liquid scintillation counting, and the accelerator mass spectrometry method (AMS). This last technique is the most modern and involves ionizing the sample and introducing it in a particle accelerator. The resulting beam is deflected by strong magnetic fields and, since each carbon isotope has a different mass, the angle of deflection is slightly different for each one. The relative concentrations of each can be measured in order to determine the 14 C/ 12 C isotope coefficient. Since it does not depend on sample activity and is insensitive to natural radioactivity, this method provides the highest-quality measurements. Advantages compared to other radiocarbon dating techniques are a decrease in the sample amount necessary (tens of milligrams) and a decrease in measurement time (typically 45 min). Rammed-earth walls commonly contain charcoal nodules (Fig. 1a) from the incorporation of ashes or lime impurities, remnants of wood from the horizontal timbers of the formwork, or even carbonate lime nodules (Fig. 1b) that can be used for dating. b. Thermoluminescence. This method is based on the physical phenomenon of light emission as a result of raising the temperature in a crystalline mineral such as quartz, calcite, or feldspars (minerals accompanying clays in ceramics). These minerals must have been previously exposed to ionizing radiation deriving from the disintegration of the natural radioactive elements such as uranium, thorium, and potassium, whose isotopes are present in rocks in trace amounts. The electron layers bordering the thermoluminescent materials and the electrons released by the method are ionized. Some remain trapped in the crystal's defects or traps and cannot break free unless they are supplied with a certain amount of energy. The electron's stay in the trap depends on several factors, including temperature. As temperature increases, the electron's energy level increases and, at a certain level, it can break free. Once free, the electron can recombine with a "luminescent centre", which is what produces the luminous emission. The intensity of this emission is directly proportional to the number of trapped electrons, which depends, in turn, on the amount of radioactive dose the material has received. That is, the time elapsed since the structure formed or was first heated if the radiation was constant over time (Fernández, 1992; Aitken, 1985) . Evidently, to perform this type of dating, there must be ceramic remains in the wall. c. Rehydroxylation. This is the most novel technique of those described (Wilson et al., 2009) . It is based on the progressive, slow chemical recombination of the ceramic with water from environmental humidity (rehydroxylation). The rate of rehydroxylation follows a power (time) ¼ law, so that a ceramic sample can be dated by heating it to determine its gain in water weight over its lifespan and subsequently exposing it to water vapour to measure its rate of regain in water weight and hence its rehydroxylation kinetic constant. If we know the total mass of water it has gained over its lifespan since it left the kiln, we can extrapolate its age. The rehydroxylation constant depends only on temperature (Fig. 5) , so we have to know the average temperatures through estimations from historical and meteorological data. This is the temperature to which the sample must be subjected during the new rehydroxylation process. As for thermoluminescence, ceramic remains must be present in the rammed-earth wall.
CONCLUSIONS
The aim of this work was to establish a methodological routine to perform the characterization of historical rammed-earth walls in order to determine compositive parameters of physical, hydric, mechanical, granulometric, and chronological properties that will allow a more absolute classification of these walls to carry out comparative studies of them.
Since there are no specific test methodologies for rammed-earth walls, it has been necessary to use general techniques or those applied to other building materials. They have been selected so that the results will allow non-analytical researchers (e.g., historians, archaeologists, restorers, architects, etc.) to expand their understanding of the history of material culture.
